6 1. Trait-based approaches are widespread throughout ecological research, offering great 7 potential for trait data to deliver general and mechanistic conclusions. Accordingly, 8 a wealth of trait data is available for many organism groups, but, due to a lack of 9 standardisation, these data come in heterogeneous formats. 10 2. We review current initiatives and infrastructures for standardising trait data and dis-11 cuss the importance of standardisation for trait data hosted in distributed open-access 12 repositories. 13 3. In order to facilitate the standardisation and harmonisation of distributed trait 14 datasets, we propose a general and simple vocabulary as well as a simple data 15 structure for storing and sharing ecological trait data.
| Glossary of terms from the biodiversity data-management context as they are used in this paper; draws from Garnier et al. (2017) .
Term Definition
Term A word that describes a particular concept as part of the specialised vocabulary of a field Concept An idea, notion or object that is made explicit in an information context by name, definition, URI or other reference (https://www.w3.org/TR/skos-reference/) Controlled vocabulary A list of terms that gives all valid consensus terms for a praticular context, while no unlisted entries are accepted Terminology
The body of terms and concepts used with a particular application in a subject of study, usually formalised in a thesaurus or ontology Data standard A published set of instructions and terminologies for storing and exchanging data content of a particular type (e.g. trait data), that is recognised by a large proportion of members of the application context Thesaurus
Controlled vocabulary that provides key terms with their associated concepts for a specific field or domain of interest (Laporte et al. 2013 ) Ontology
Controlled vocabulary that (opposed to a thesaurus) relates concepts to each other by cross-references, e.g. defines a hierarchy of terms; thus a formal model of the objects and their relationships in a domain of interest (Gruber 1995) Semantic web An extension of the world wide web that aims for machine-readable meaning of information via well-defined data standards, ontologies and exchange protocols (Berners-Lee et al. 2001); the World Wide Web Consortium (W3C) defines standards, i.e. specifications of protocols and technologies for the semantic web (http://www.w3.org/standards/semanticweb/) Dataset A set of measurements and observations; often originating from a single experimental set-up or study context; can be considered as being internally homogeneous across all data entries Data table
A two-dimensional spread-sheet containing data organised in rows and columns; in most cases these data are considered 'static', i.e. they are not altered or filtered across time Database A suite of data compiled from multiple datasets, i.e. from multiple study contexts or observation types; may take the form of a two-dimensional data table, but mostly is organised in into relational databases using database software; Relational database Usage in this paper: Two or more data tables that are related by common information contained in one or more columns; common information is usually labelled by identifiers (IDs) Online database A relational database that is made accessible on the internet; offering forms for filtering and downloading subsets of the data; some online databases offer access via a webservice and an API that can be addressed computationally Identifier (ID) A unique label that relates entries within and across datasets; is used to connect data tables into a relational database; can be user-specific or, as a URI, point to a globally valid ontology or thesaurus Uniform Resource Identifier (URI)
An unambiguous pointer to a unique resource on the internet; used to refer to single terms of a thesaurus or ontology; an example is 'http://t-sita.cesab.org/BETSI_vizInfo.jsp?trait=Body_length' Webservice An exchange protocol to access online databases directly and programmatically, i.e. by calls from a software tool Application Programming Interface (API)
A set of clearly defined methods of communication between software components, e.g. client software and the webservice of an online databases; APIs are usually documented on the website of a database provider Online Portal A website designed as a platform for the exchange of information, e.g. trait data; a portal may include a communication forum, data upload forms, a database access point, and advanced user management for data access File repository A short-term storage of datasets or long-term archiving on file-hosting services; online repositories make data available for public access, provide metadata and (not always) facilitate citations via DOIs (Digital Object Identifiers) File-hosting service An online platform that hosts datasets or entire repositories and provides access to a wide audience on the internet; examples in biology are Figshare.com, Dryad (datadryad.org), Researchgate.net, or Zenodo.org Metadata Data documentation of the higher level information or instructions; describe the content, context, quality, structure, provenance and accessibility of a data object (Michener et al. 1997 ) Darwin Core Standard (Dwc) Body of terminologies providing terms intended to facilitate the sharing of information about biological diversity (http://rs.tdwg.org/dwc/) Darwin Core Archive (DwC-A) A file archive, or repository structure, that contains metadata (specified using Ecological Metadata Language, EML) and primary data combined into a relational database via identifier columns.
Method handbook
A listing of consensus methodology that is to be applied to acquire a particular measure, thus formalising the precise concepts of measures. Occurrence A single observation instance of a taxon, i.e. an organism at a particular place at a particular time 
43
Many issues in trait-based research arise when compiling datasets from several sources. 44 Data may differ in taxonomic nomenclature and resolution (e.g. reported on species level or 45 aggregated on higher taxonomical orders), the scale and place of the study context, or the 46 accurracy of the methodology applied in measurements. These differences are not always 47 documented in the metadata accompanying a dataset. All of these factors render trait data 48 extremely heterogeneous and make the task of data compilation time-consuming or even 49 prohibitive. However, fully exploiting the potential of trait-based approaches relies heavily 50 on the broad availability and compatibility of trait data to achieve sufficient taxonomic and 51 regional coverage, both of present-day taxa ase well as in evolutionary deep-time. 52 To this end, the number of available trait datasets is increasing rapidly. In the past, trait 53 data have been standardised and compiled in centralised databases for specific organism 54 groups and regional scope, often centred around particular research questions (e. trait data will become increasingly available, but a lack of data and metadata standardisa-70 tion will hamper the efficient re-use and synthesis of published datasets.
71
In this paper, we review existing trait databases and online portals, as well as initiatives 72 for standardisation. We discuss current practice and the importance of data standards for 73 trait-based research, and we identify current deficits in standardisation from a pragmatic 74 view of data providers and data users. Based on these considerations, we propose a minimal 75 structure and vocabulary for describing trait datasets, that builds upon and is compatible 76 with existing terminology standards for biodiversity data. Finally, we present an R package 77 that assists the harmonisation of trait data from distributed sources. With this easy-to-use 78 terminology and toolset, we hope to convince trait-data providers and trait-data users about 79 the general importance of trait-data standardisation and lay out the roadmap towards an 80 accessible ecological trait data standard.
81
A review of initiatives for trait-data standardisation 82 In this section, we review four types of initiatives that are of relevance for trait-data stan-83 dardisation (see Glossary in Table 1 with multiple trait measurements applied to the same individual across multiple columns. 131 Variability in the number and meaning of columns in these data tables requires tedious 132 manual adjustments when merging multiple datasets (Wickham 2014). 133 A global overview of existing trait data for all taxa and trait types is difficult to obtain. 134 Therefore, in an attempt to collate a list of existing distributed datasets, we initiated a living 135 spreadsheet (https://goo.gl/QxzfHy) which lists published trait datasets, their regional and 136 taxonomic focus, the number and scope of traits covered, their location on the internet and 137 the terms of use (see Appendix A for a current excerpt of this list). We invite data owners 138 and users to add further trait datasets to this spreadsheet. 139 As it stands, the decentralisation and the lack of data standardisation of low-threshold 140 online repositories renders the compilation of data into larger collections inefficient and 141 reduces the potential of many published datasets to be re-used and combined into broad 142 synthesis analysis.
143
Database initiatives 144 In the past two decades, many distributed trait datasets have been aggregated and har-145 monised into greater collections with particular taxonomic or regional focus (e.g. with issues of heterogeneity in units or factor levels, and aiming for high taxonomic cov-149 erage, few of these datasets apply a standardised terminology for taxa or traits that would 150 allow them to be efficiently related to other databases. Documentation of metadata and 151 methodology differs in the level of detail, depending on the research focus of the initiative. 152 Just as the individual datasets described above, many of these databases are published as 153 static data tables on low-threshold file hosting platforms and are updated irregularly. 154 As they deal with much larger amounts of data, initiatives that form around natural his-155 tory museum collections are more concerned with standardisation. Concerning organism 156 traits, with the digitisation efforts that are currently undertaken in many museum collec- To conclude, there is already a suite of globally available thesauri and ontologies for 248 traits that emerged from standardisation efforts of methodologies and community con-249 sensus processes. However, definitions in some domains are better covered than others. 250 Interlinkage and accessibility of ontologies can be much improved to fulfil semantic web Trait-data structures for the semantic web 261 While trait thesauri and ontologies typically define traits for focal groups of organisms, they 262 do not specify the format or structure in which trait data should be stored and linked to 263 further standard terminologies, such as standard taxonomy nomenclatures. 264 To make sense of trait data in the context of more general databases, a consensus definition 265 of trait data is necessary. data attracting a wealth of heterogeneous trait datasets, but data harmonisation of these 348 distributed data sets is currently laborious. The goal must be to better integrate these dis-349 tributed data into the global biodiversity data-management ecosystem by creating aware-350 ness for data standardisation on the side of data providers. We propose the development 351 of tools and vocabularies that impose low thresholds and offer high pay-off in the visibility 352 and interconnectedness of published data.
353
An ecological trait-data standard vocabulary 354 As a response to the challenges outlined above, we propose a versatile vocabulary for trait-355 based ecological research. The aim of the vocabulary is to cover the variety of trait-based 356 approaches and their different degrees of measurement detail. Rather than describing a 357 data structure for relational databases, the vocabulary is intended as a more inclusive ter- 358 minology, that can be used in simple two-dimensional datasets as well as in the exchange of 359 data between web services in the semantic web. By using this standard vocabulary, authors 360 can ensure that the description of trait measurements that are uploaded to distributed data 361 repositories will be unambiguous and generally applicable. It will facilitate re-use of data 362 for future data aggregation initiatives and data synthesis and ensure long-term accessibility. 363 In designing this vocabulary, we drew on the combined expertise of empirical biodi- proposed is intended to form the foundations of a standard nomenclature that can be ex-375 panded and corrected by the wider community of researchers using trait-based approaches 376 in ecology.
377
How to apply the standard vocabulary 378 We suggest that any trait dataset that is published on online repositories should draw its 379 column names and field entries from the defined vocabulary where possible. The core 380 vocabulary lists and defines terms that describe a dataset according to the Entity-Quality the vocabulary, it is implicit to use a two-dimensional observation long-table format for the 384 data ( Fig. 2 b) , rather than a species×traits matrix (Fig. 2 a) . As the long- Well-defined identifiers ('IDs') are key elements to structure the datasets and relate them 389 to complementing datasets, if necessary ( Fig. 2 c & d) . For instance, for occurrence level 390 data where multiple trait measurements are reported for each individual specimen, the 391 same user-defined entry for 'occurrenceID' would link several measurements across the 392 rows of the dataset. Similarly, multivariate measurements, for instance gas chromatogra-393 phy data or x-y-z data of morphometric landmarks could be linked via a 'measurementID'. 394 In literature data, summarised traits are usually given at the taxon level instead of the indi-395 vidual organism (e.g. reported as means or factorials) and a 'taxonID' is the key identifier. 396 In larger compilations, a 'datasetID' allow to trace data origin to the primary source. Be-397 yond being just of structural use for the dataset, identifiers are capable of linking own data 398 to consensus taxonomy and trait terminology via URIs, which point to external terminology The key function of the package is as.traitdata() which moulds a species-trait-541 matrix or occurrence table into a measurement long-table format (Fig. 3) . This function 542 also maps column names into terms provided in the trait data standard and adds metadata 543 as attributes to the output object. This example converts an own file 'data.csv' into a dataset 544 of long-table structure that employs the standard vocabulary for core data: taxonID to the core data ( Fig. 3) . 560 The R-package further supports the mapping of trait names to a list of trait definitions 561 and identifiers ( this lookup table is cast into an own object class called 'thesaurus'). The The function as.thesaurus() provides a structured object that is required by the func-578 tion standardize.traits() (Fig. 3 
